The purpose of this study was to evaluate an improved and reliable visualization method for pediatric spinal cord MR images in healthy subjects and patients with spinal cord injury (SCI). A total of 15 pediatric volunteers (10 healthy subjects and 5 subjects with cervical SCI) with a mean age of 11.41 years (range 8-16 years) were recruited and scanned using a 3.0T Siemens Verio MR scanner. T2-weighted axial images were acquired covering entire cervical spinal cord level C1 to C7. These gray-scale images were then converted to color images by using five different techniques including huesaturation-value (HSV), rainbow, red-green-blue (RGB), and two enhanced RGB techniques using automated contrast stretching and intensity inhomogeneity correction. Performance of these techniques was scored visually by two neuroradiologists within three selected cervical spinal cord intervertebral disk levels (C2-C3, C4-C5, and C6-C7) and quantified using signal to noise ratio (SNR) and contrast to noise ratio (CNR). Qualitative and quantitative evaluation of the color images shows consistent improvement across all the healthy and SCI subjects over conventional gray-scale T2-weighted gradient echo (GRE) images. Inter-observer reliability test showed moderate to strong intra-class correlation (ICC) coefficients in the proposed techniques (ICC > 0.73). The results suggest that the color images could be used for quantification and enhanced visualization of the spinal cord structures in addition to the conventional gray-scale images. This would immensely help towards improved delineation of the gray/white and CSF structures and further aid towards accurate manual or automatic drawings of region of interests (ROIs).
Introduction
There are 17,000 new spinal cord injury (SCI) cases each year in the USA according to a 2016 report by the National Spinal Cord Injury Statistical Center (NSCISC), and the total number of people who have SCI and are still alive is estimated to be 282,000 persons, with a range from 243,000 to 347,000 persons [1, 2] . There are various imaging methods to diagnose SCI. The initial test is generally a CT scan which can identify primarily bony pathology farther evaluations with MRI. MRI is excellent for evaluating soft tissues including the ligaments, intervertebral disks, nerves, and the spinal cord [2] . Unfortunately, MRI images of pediatric spinal cord are technically limited by various factors.
The main factor which degrades the quality of MR images can be classified under the broad category of physiological noise. Physiological noise is related to (1) the unique anatomic feature of the spinal cord. In particular, the small cross section area, large rostrocaudal extent, and curvature of the spinal cord which cause heterogeneity of signal within spinal cord because of partial volume effect, (2) the proximity of the spinal cord to the several structures (vertebrae and intervertebral disks) increases variation in magnetic susceptibility and determines poor local magnetic field homogeneity causing image distortion and low signal intensity and (3) the physiological motion displaces the cord and generates signal intensity changes [4] . These movements are primarily due to the cardiac-driven pulsation of CSF within the subarachnoid space surrounding the cord. Another potential source of cardiac-related noise is the systole-induced pulsation in spinal arteries. It has been shown that cardiac noise is distributed irregularly along the full rostrocaudal extent. In addition, respiratory effects may either take the form of bulk movements of spinal and connective tissue, due to shifting tissue mass as the chest wall rises/falls, or to bulk changing susceptibility effects. This problem was previously noted in the brain, but it is of much greater significance to imaging of both the spinal cord and the brainstem [2] [3] [4] .
The small cord volume requires higher resolution imaging which can be achieved, but requires additional scan time. Without extending scan time, standard imaging will result in low signal to noise ratio (SNR), and resolution [3] . Increasing the number of excitations will improve the SNR; however, it will also significantly increase scan time which is not desirable in pediatric imaging [3] . These issues present significant challenges to achieving a highly accurate and reproducible MRI signal to construct an image without distortion [5] . For many years, studies have proposed various acquisition methods and modifications to produce distortion-free images [6, 7] . However, some of the aforementioned artifacts remain and their impact may be reduced from additional post-processing methods such as image enhancement.
The human eye is more sensitive to a color image than a gray-scale image and has a superior memory for colors enabling wider dynamic range for color image than gray scale [6, 7] . Color transformation may offer improved visualization over gray-scale images and could improve MR diagnostics of the spinal cord. This may also aid the physicians to evaluate MRI exams faster. While color images are widely used in nonmedical image analysis applications, medical image analysis has traditionally relied on grayscale images and less explored on color space due to physician preference and lack of standardization [8, 9] . Grayscale presentation of MR images may reduce the contrast between small structures within the spinal cord, and this restriction is in part a result of the inadequacy of gray scale displays to capitalize on the full range of human visual perception [7] . The purpose of this study was to evaluate use of color transformation models for better differentiation of white and gray matter in the spinal cord and see if color transformation improves capability of the observer, board certified neuroradiologists, to detect the injured spinal cord in pediatric population.
In this research study, various widely used color transformation techniques such as red-green-blue (RGB), rainbow, and hue-saturation-value (HSV) were applied to the T2-weighted gradient echo (GRE) images obtained during standard clinical pediatric spinal cord imaging. RGB technique incorporated with two different enhancement options using automated contrast stretching and intensity inhomogeneity correction was also applied to these scans. Spinal cord images from healthy and SCI patients were processed to create color images using these five methods and compared with the conventional gray-scale GRE images. To the best of our knowledge, this has not been performed before for this medical imaging application.
Materials and Methods

Subjects
A total of 15 pediatric volunteers with a mean age of 11.41 years (range 8-16 years) were recruited. Subjects were divided into two groups including 10 healthy subjects who had no evidence of spinal cord injury (SCI) or pathology and 5 subjects with cervical spinal cord injury. Subjects and parents provided written information assent and consent of the institutional review board approved protocol. The inclusion criteria used for recruitment of the spinal cord injury group were as follows: subjects had stable cervical-level spinal cord injury as evidenced by no neurological change in the past 3 months and were at least 6-month post-cervical spinal cord injury. All patients were clinically assessed using the motor and sensory examinations of the International Standards for Neurological Classification of Spinal Cord Injury (ISNCSCI); severity of injury was determined according the American Spinal Injury Association Impairment Scale (AIS) [10] . Of the subjects with cervical SCI (Table 1) , there were two patients classified as AIS A (complete spinal cord injury) and three with AIS D (sensory and motor incomplete).
Imaging
The MRI scans were performed using a 3.0T Siemens Verio MR scanner (Siemens Healthcare, Erlanger, Germany) with 4-channel neck matrix and 8-channel spine matrix coils. Manual shimming techniques were implemented to remove field inhomogeneities using linear shim coils. The protocol consists of a conventional sagittal turbo spin echo (TSE), T1-weighted scan, a sagittal TSE-T2-weighted scan, and an axial T2-weighted GRE. T2-weighted GRE images typically show good contrast between white and gray matter structures in the cervical spinal cord and adjacent normal appearing tissues [11] .
The imaging parameters included the following: voxel size = 0.42 × 0.42 × 6.0 mm 3 , matrix size = 384 × 384, TR = 878 ms, TE = 7.8 ms, slice thickness = 6 mm, flip angle = 25°, number of averages = 1, and acquisition time = 156 s. Cardiac gating and respiratory compensation were not used in this study which increase acquisition time. Also, anesthesia was not administrated to the subjects in this study.
Psuedocolor Models
All the axial T2W-GRE images obtained from the healthy subjects and patients were post-processed using the various visualization improvement methods, which includes RGB, enhanced RGB models (RGB1 and RGB2), HSV, and rainbow as illustrated in Fig. 1 . A pseudo-color images were derived from the gray-scale image by mapping each pixel value to a color according to a look up table or function [6, 12] . Color mapping is done overall with all the slices together to still preserve the same color which is assigned for the given anatomy throughout all the slices and between different patients.
In the RGB method, color changes smoothly from blue to red and passes through cyan, yellow, and orange [12] . Color components can be produced as below:
where G represents component of the green channel in a color image, I represents the intensity value, n = f(m/4) and
, m is the number of color scales, and f(x) rounds x to the nearest integer. The red and blue components can be obtained by shifting the green component to the right and left by the step of n/(max(gray level)), respectively [6] .
In the rainbow transformation, the color is a variant of sine/cosine function. The rainbow color map uses as a default in many visualization systems, but the highly heterogeneous structures in the image can be hidden because of the lack of monotonic perceptual ordering [6, 13] . The color channels (i.e., R, G, and B) in an image can be obtained as follows:
where I is the intensity level of each pixel in the monochromic image [6, 13] . HSV model, unlike RGB, separates luminance or image intensity, from chromatic or the color information. In HSV color space, hue, saturation, and value (or intensity) are the coordinate axis. Hue (H) component describes pure color and is in the form of angle between 0 and 360. Saturation (S) component gives measure of dilution of color with white color. The range of saturation is between 0 and 1, and finally, value or intensity (V) of the color corresponds to the brightness or gray level of the image. The range of value is between 0 and 1 where 0 means black and 1 means white [14, 15] . H, S, and V components were generated from RGB color space as described below:
Two intensity correction methods including intensity inhomogeneity correction and automated contrast stretching were incorporated with RGB technique and named as RGB1 and RGB2, respectively, to improve the efficacy of color images [16, 17] . In the RGB1 color code, a nonlinear intensity compensation technique which uses only the pixel values instead of the homogeneous regions was performed as intensity inhomogeneity correction as follows:
where p ϵ [0,1] is the weighting factor, P denotes the pixel interval (0,255), x denotes the pixel value, and x m is the middle point of P [16] [17] [18] . In RGB2 model, the gray-scale image was enhanced first by stretching the range of intensity values. The enhancement model computed as follows:
where x is the unmodified image, c and d are the lower and upper limits based on the histogram of the image. It is optimal to select c and d to be at 5 and 95% of the histogram of the original image [19, 20] .
Data Analysis
The performance of the proposed techniques (see Fig. 1 ) was assessed by using visual inspection of GRE images and quantitative analysis. The quantitative analysis consists of a region of interest (ROIs) analysis of gray matter (GM) and white matter (WM) values and the contrast to noise ratio (CNR) between the GM and WM ROIs.
Quantitative Analysis CNR and SNR SNR and CNR in GRE image and all five different color images were measured as described in Fig. 1 Flowchart shows the creation of the pseudo-color maps that included RGB, RGB1, RGB2, rainbow, and HSV using different functions. Spectra for generating color components in RGB, rainbow, and HSV models have been shown by f 1 , f 2 , and f 3 functions, respectively. RGB1 and RGB2 models use same spectrum as RGB model (i.e., f 1 function) after performing intensity correction and contrast enhancement on gray-scale image Fig. 2 The GM and WM ROIs depicted in the schematic drawing of the cross section of the spinal cord (GM and WM ROIs were highlighted in blue and red, respectively). The WM ROI covers parts of the left (L) and right (R) lateral funiculus as well as dorsal (D) and ventral (V) columns. The GM ROI covers parts of the central butterflyshaped GM structure eq. 3. Image noise was measured from a large area (approximately 500 mm 2 ) outside the object and defined as the standard deviation of background signal intensity (i.e., air). Eight ROIs were drawn to calculate SNR and CNR included two ROIs of GM (two samples in lateral sides), four ROIs of WM (ventral, dorsal, and lateral regions), one ROI of the whole cord, and one ROI of the air. The ROIs were chosen away from the border or edge of these tissues to avoid the effects of partial volume artifacts (Fig. 2) . Note that SNR and CNR are unitless measures.
Qualitative Analysis
Qualitative assessment entailed visual inspection of the spinal cord and structures within spinal canal on unimodal gray-scale image and five color images. All images individually were rated for overall quality of image named as accuracy (ACC), differentiating GM/WM structures (D(GM/WM)) and cord edge (CE) from CSF (D(CE/CSF)), and homogeneity of CSF (H(CSF)) using Likert type scale of 0-4 (4, excellent; 0, very poor) by two independent board certified neuroradiologists with a combined experience of 35 years (24 and 11 years). This scale included degradation due to motion artifacts, susceptibility artifacts, inhomogeneities artifacts, and SNR. The examiners were blinded to the type of data and methods. Also, the diagnostic performance of gray and color images in detecting normal or abnormal cords were examined in terms of sensitivity, specificity, and accuracy:
where true positive (TP) is an abnormal cord which is correctly diagnosed as abnormal, false positive (FP) is a healthy cord which is incorrectly identified as unhealthy, true negative (TN) is a healthy cord correctly identified as healthy, and false negative (FN) is an unhealthy cord which is incorrectly identified as healthy. Table 2 describes the criteria used by examiners to evaluate color and unimodal gray-scale images. 
Results
Qualitative and quantitative examination of pseudo-color transformation techniques showed reduction in motioninduced artifacts and well-defined CSF and cord structures.
Visual Inspection of GRE Images and Color Maps
Likert type scaling in the control subjects showed mean ± standard deviation GRE = 0.78 ± 0. In overall, there was a consistent increase in image quality compared to GRE images in RGB1 and RGB2 and decrease in RGB, rainbow, and HSV across all the healthy subjects. Statistically (using two-tailed t test) significant increase has been shown in RGB1 color map (p = 0.04), and significant decreases have been shown in RGB (p = 0.02), rainbow (p < 0.001), and HSV (p < 0.001) color maps. Observer rating in SCI group showed increases in RGB1 and RGB2 and decreases have been shown in RGB, rainbow, and HSV. However, no significant decrease/increase has been shown in these color maps across all SCI groups.
Reliability tests showed moderate to strong agreement between the two examiners. 
Diagnostic Performance of Color Models
Figures 5 and 6 demonstrate how the different methods affected the diagnostic performance. The application of the proposed techniques (RGB1 and RGB2) on MRI data outperforms the gray-scale GRE data in sensitivity, specificity, and accuracy. The results reported in Tables 3 and 4 show that the performance of the proposed system is superior in performance terms including accuracy, specificity, and sensitivity when compared to the unimodal gray-scale images.
The percentage of abnormal region of the spinal cord which is correctly identified as abnormal (sensitivity) was increased by 5% using RGB1, RGB2, and HSV color maps. The percentage of normal regions of the spinal cord which are correctly identified as normal (specificity) increased by 13% using RGB1 and RGB2 and 10% using rainbow, and finally, the overall percentage of normal and abnormal cords which are correctly identified as normal and abnormal (accuracy) increased by 11% using RGB1 and RGB2 and 7% using rainbow. In the cases where color maps performed better than GRE with respect to specificity, the changes were due to healthy subjects being identified with confidence in the color images where they had been classified as Bnot defined^on GRE images.
Performance of Quantitative Assessments
The image quality of color GRE images as well as GRE images was evaluated using quantitative metrics of SNR and CNR as shown in Table 5 . Also, the plot of SNR and CNR as a function of selected spinal cord levels are shown in Fig. 7 .
Discussion
Poor tissue contrast, low SNR, and the small size of the spinal cord in MR cause challenges for interpretation of clinical T2W-GRE color maps at the three selected spinal cord levels (C2-C3, C4-C5, and C6-C7) for a heathy subject. Overall, the color images maximized the visualization of the CSF and structures within spinal cord such as GM and WM, the boundaries of GM from WM, cord edge from CSF, and CSF from surrounding tissues Fig. 6 T2W-GRE color maps at three different locations in the cervical cord for a SCI patient classified as AIS A (complete spinal cord injury). Level of injury-based ISNCSCI is at C8. MRI shows tiny focus of increased intramedullary signal (C6-C7); focal atrophy (mid C6 to C7-T1) at C6-C7 level images [21] [22] [23] [24] [25] [26] . The current study was undertaken to evaluate new methods for potentially enhancing the visualization of the T2-W GRE images by applying color imaging techniques that are widely used outside the medical imaging community. In this paper, some of the most successful of these techniques were developed and adopted to enhance the visualization of the spinal cord structures. While some efforts have been made in recent years to address various aspects of image enhancement for spinal cord MRI, this field is still poorly explored and reported in the literature [2, 3, 24] .
The utilization of color maps has the potential to make spinal cord MR images more readily interpretable and more accurate for clinicians and researchers [7] . This approach potentially can provide qualitative improvements to currently used diagnostic MR images which can increase accuracy and confidence in visual assessment as well as improve quantitative measures. This could prove to be a powerful addition to characterize clinical spine pathologies such as SCI.
Qualitative assessments were undertaken using gray-scale and color GRE images. The color images maximized the visualization of the CSF and structures within spinal cord such as GM and WM. Also, augment of the boundaries of GM from WM, cord edge from CSF, and CSF from surrounding tissues were particularly improved. Color visualization improved the delineation of these structural boundaries in comparison to conventional unimodal gray-scale images. These color maps reduce the abrupt variation in local pixel values by smoothing the input image (reducing the noise of an image) while decrease the CNR in an image. RGB1 color map uses sharpening function which is used to produce a crisper image with sharpening edges in order to highlight fine details (CNR increased up to 36%) while it increases the noise of an image.
Color transformation may aid in the visual inspection and analysis of images. This is primarily due to perception of the colors versus the gray scale. While the amount of information the human eye can perceive may change by transformation to color from gray scale but the absolute information content should not change because of the transform [6, 7] , therefore, the SNR and CNR should not be different when the data is presented as gray scale or color. However, these values (SNR and CNR) will change when the image is transformed nonlinearly as demonstrated in this work. In this case, the transformation changes the information content so that it differs from the measured data. Hence, the analysis is no longer performed on actual data. Non-linear transformation of the data will affect CNR and SNR, but actual improvement in data/ image quality needs to support visually as well.
Reliability values for gray-scale and color images of the spinal cord were then estimated and compared using the ICC and showed moderate to strong agreement between the examiners (0.73-0.91). This provides a quantitative assessment of the efficacy of the color images for enhancing visualization and reliability. Inter-rater reliability estimates that color image tracings were considerably improved beyond those obtained using a gray-scale image.
The signal intensity drop-offs in the lower cervical levels (C4-C7) may be caused by cardiac-related artifacts (Fig. 7) and possibly coil non-uniformity at the edges of the coil. It increases the variability of qualitative and quantitative assessments. Cardiac gating might minimize the artifacts induced by cardiac movements and consequently decreases the variability however at the expense of increased acquisition time [25, 26] . Table 4 The relevant confusion matrix of gray-scaled and color maps. Note that n is the number of gray-scaled images used for diagnostic evaluation by two certified neuroradiologists Most diagnostic studies in the spinal cord were limited by the quality and resolution of MR images. Severity and localization of injury requires robust distinction between GM and WM. This study shows that the use of color transformation techniques can potentially improve the visual inspection of structures in the spinal cord and consequently incremental gains in the detection of pathologic states.
One of the limitation of this study is the relatively small sample size of the patient population (n = 5) as well as the type and location of the cervical injury. The small sample size limits the ability of the results to be adequately generalized over the entire pediatric SCI population. However, ICC and 95% CI values warrant that there is a real impact of color maps in improving the visualization. Additionally, the standard deviations for both healthy and patients are consistent between groups, which supports (though does not prove) the assumption of a reasonably good sample from each group. The results are encouraging and support the potential use of color images for better interpretation of gray-scale images and to improve our understanding of damage and recovery in diseased states of the spinal cord. Young children are more prone to high cervical injuries, with nearly 80% of injuries in children < 2 years old affecting this area. As the child approaches 8-10 years of age, the spinal anatomy and therefore injury pattern more closely approximate adult injuries [27] . Therefore, the proposed technique can easily apply on adult subject. In the future, we plan to increase the sample size and also look at the performance of this technique for the injuries in the lower spinal cord.
The computation time for the whole procedure applied on slab 1 which cover whole cervical and upper thoracic spinal cord (40 slices) was 75.1 ± 1.035 s/subject (mean ± SD) which includes reading, processing, and displaying the images. This was achieved using a standard Intel i5, 2.66 GHz processor with 3G of RAM and demonstrates its suitability in clinical practice.
Conclusion
The color mapping methods which are described in this paper have the possibility to be used in a wide range of medical imaging applications, such as monochrome image representation, enhancement, segmentation, and edge detection. In this study, visualization methods based on pseudocolor transformation are described to increase the conspicuity of spinal cord tissue in T2-W GRE axial images of the pediatric spinal cord. These new visualization methods demonstrate improvement in differentiating GM and WM within the spinal cord, differentiating cord edge from CSF and reduce the inhomogeneity caused by complex flow. Color images were noted to improve visualization and differentiation of normal from abnormal spinal cords in comparison to grayscale images. One of the biggest challenges in evaluating spinal cord image analysis of SCI patients is confidently identifying the region of abnormality for ROI selection. Our results suggest that physicians can be more confident on drawing ROIs when they have both color and gray-scale images.
In overall, there was a consistent increase in image quality compared to GRE images in RGB1 and RGB2 using Likert type scaling as described in the manuscript (Figs. 3 and 4) . Diagnostic performance shows that the percentage of abnormal region of the spinal cord which are correctly identified as abnormal (sensitivity) was increased by 5% using RGB1 and RGB2. The percentage of normal regions of the spinal cord which are correctly identified as normal (specificity) increased by 13% using RGB1 and RGB2, and finally, the overall percentage of normal and abnormal cords which are correctly identified as normal and abnormal (accuracy) increased by 11% using RGB1 and RGB2 (Table 3) . Also, quantitative analysis shows that SNR and CNR were comparable in both RGB1 and RGB2 to the GRE images (Table 5) . 
